The electronic structure of diluted (Ga,Mn)As magnetic semiconductors in the presence of As-antisites and magnetic disorder is studied within the framework of the local spin density approximation. Both the chemical and magnetic disorders are treated using the coherent potential approximation. A ground state with partial disorder in the local moments and with a reduced total magnetic moment appears in the presence of As-antisites. We first estimate the Curie temperature T c from total energy differences between the ferromagnetic and the paramagnetic state by identifying these with the corresponding energy difference in a classical Heisenberg model. A more systematic approach within the framework of the mean-field approximation to estimate T c consists in an evaluation of the effective exchange fields acting on the magnetic moment at a given site. The presence of As-antisites strongly reduces the Curie temperature. The results indicate that the effect of impurities on the 1 electronic structure cannot be neglected and influences the Curie temperature non-negligibly. A comparison of the calculated Curie temperatures to existing experimental data indicates an increase of the donor concentration with the increase of the Mn-content.
Theoretical approaches to the DMS can be divided into two groups, namely model studies using the effective-mass approximation, and studies based on the detailed knowledge of the electronic structure. The model studies mostly employ the kinetic-exchange model (KEM) in the connection with a continuum approximation for the distribution of Mn atoms and other defects [2, 3] , a model that yields a disorder-free problem, although it was recently refined in order to include disorder via a supercell method by means of Monte Carlo simulations [4, 5] .
A simpler model assuming that holes hop only between Mn-sites, where they interact with the Mn moments via phenomenological exchange interactions, was also developed [6] .
Electronic structure studies based on the spin-density functional theory (DFT) in the framework of the local spin-density approximation (LSDA) represent a further step towards a more detailed, parameter-free description of the properties of DMS. One possibility of describing such system is a supercell approach [7] [8] [9] , in which large cells are used to simulate semiconductor crystals with magnetic atoms and other impurities. The supercell approach has limited applicability because it leads to excessively large supercells for low concentrations of impurities characteristic for DMS. Alternatively, one can employ Green function methods in which the configurational averaging is performed within the coherent potential approximation (CPA) [10] and the resulting averaged Green function can be used to determine any physical quantity of interest. The Green function approach can be implemented, e.g., in the framework of the Korringa-Kohn-Rostoker (KKR) method [11, 12] or the tight-binding linear muffin-tin orbital method (TB-LMTO) [13] as in the present case. DMS with Curie temperatures (T c ) in the range of the room temperature are needed for practical applications; the study of realistic models for evaluation of T c is thus of great importance. The evaluation of the Curie temperature on ab initio level is still a challenging task, in particular for complex alloy systems like the DMS. Conventional approaches known from model studies [2, 3] cannot be directly employed for evaluation of T c . Therefore, a different approach has to adopted for the LSDA Hamiltonian. It is well-known [14] that transversal fluctuations of the local magnetization have to be taken into account to describe temperature-dependent properties of magnetic itinerant systems. The direct evaluation of the corresponding enhanced frequency-dependent magnetic susceptibility [15] is very complicated, in particular for such complex random systems like DMS. A tractable approach is based on the adiabatic treatment of atomic moments in which noncollinear configurations of magnetic moments are taken into account. The adiabatic approximation is well justified for magnetic atoms with large exchange splittings, like, e.g., Mn-atoms. This method can be implemented either in the real space [16] [17] [18] or in the reciprocal space (the frozen-magnon approach) [19] . The real-space approach can be naturally applied to random system in the framework of the CPA while in the reciprocal-space approach the supercell method has to be adopted [20] .
In the real-space approach employed here the total energy is mapped onto a classical Heisenberg model whose statistical treatment represents a next step. The mapping is further simplified by using the magnetic force-theorem [16] which allows to use the band energy of the calculated ground state as a good estimate also for total-energy differences of the perturbed ground state. The separated treatment of statistical degrees of freedom is another advantage of this approach as it can be done on different levels of sophistication. It is one of the goals of the present paper to describe evaluation of the Curie temperature of DMS in the framework of the above mentioned two-step model. DMS containing Mn atoms, such as (Ga,Mn)As mixed crystals, are highly compensated systems. The experimentally observed number of holes in the valence band is much lower than the concentration of Mn-impurities and indicates the presence of other lattice defects acting as donors. The As-antisites, i.e., As atoms on the Ga-sublattice, add two electrons to the valence band for each defect compensating thus two holes. Interstitial Mn atoms acting as double donors have the same effect [9] as the As-antisites. Recent theoretical studies indicate that magnetic structures with partial disorder of local magnetic moments can lower the total energy of system as compared to the ferromagnetic state. The stability of the ferromagnetic state was studied in [5] within the KEM model concluding that non-collinear ferromagnetism is common in DMS. A new magnetic state stabilized by the As-antisites and characterized by a partial disorder in the orientations of the local Mn-magnetic moments was found recently also in first-principles studies of Ga 0.96 Mn 0.04 As alloys [21] . All this indicates the great importance of various defects for the electronic structure, magnetic properties, and the Curie temperature of the DMS. A detailed understanding of such influence calls for a parameter-free approach. A detailed study of the influence of As-antisites is another goal of the present paper.
II. ELECTRONIC STRUCTURE
In this section we present results of electronic structure calculations, in particular the magnetic phase diagram, magnetic moments, and densities of states for the whole range of physically interesting concentrations of Mn-impurities and As-antisites.
A. Model and computational details
We have determined the electronic structure of DMS in the framework of the ab initio all-electron tight-binding linear muffin-tin orbital (TB-LMTO) method within the atomicsphere approximation [13] . The valence basis consists of s-, p-, and d-orbitals, we include scalar-relativistic corrections but neglect the spin-orbit effects. The substitutional disorder due to Mn-atoms and As-antisites is treated in the CPA. Although the CPA neglects local environment effects and possible lattice relaxations it correctly reproduces concentration dependent trends and can also treat systems with small but finite concentrations of defects typical for DMS. We introduce empty spheres [22] into the interstitial positions of the zincblende GaAs semiconductor for a better space filling. The lattice constant of the pure GaAs (a = 5.653Å) was used in all calculations but we have verified that we can neglect a weak dependence of the sample volume on defect concentrations. We used equal Wigner-Seitz radii for all atoms and empty spheres. Charge selfconsistency is achieved within the framework of the local spin density approximation using the Vosko-Wilk-Nusair parametrization for the exchange-correlation potential [23] . The details of the method can be found in Ref. [24] .
In general, in addition to the chemical disorder, the DMS are characterized also by some degree of magnetic disorder. We treat this disorder in the framework of the disordered local moment (DLM) method [21, 25, 26] which is the simplest way of including disorder in spin orientations. The DLM can be included in the framework of the CPA: the Mn atoms have collinear but random positive (Mn + ) and negative (Mn − ) orientations. The corresponding concentrations, x + and x − , fulfill the condition x = x + + x − , where x is the total Mn-concentration. The degree of magnetic disorder can be characterized by the order parameter r = (x + − x − )/x which is directly related to the macroscopic magnetization.
Clearly, x ± = (1 ± r)x/2. The GaAs mixed crystal with prescribed concentrations of x Mnand y As-atoms on the Ga-sublattice can thus be treated formally as a multicomponent
As y )As alloy with a varying parameter r, 0 ≤ r ≤ 1. In the saturated ferromagnetic (FM) state, r = 1, all magnetic moments are aligned in the direction of a global magnetization. The paramagnetic (PM) state, r = 0, is characterized by a complete disorder of spin directions with vanishing total magnetization. The magnetic state with 0 < r < 1 , the partial ferromagnetic (pFM) state, is characterized by some degree of disorder in the spin-orientations [21] . It should be noted that the DLM method is used here only to determine the corresponding ground magnetic state in the presence of impurities. The Curie temperature is, however, determined from the Heisenberg Hamiltonian corresponding to a given magnetic ground state where fluctuations of local magnetization are taken into account.
B. Magnetic phase diagram
We have determined the order parameter r that corresponds to the ground state at T = 0 for the whole range of physically relevant concentrations (x, y) in steps of ∆x = 0.01 and ∆y = 0.0025. In order to find the order parameter r we varied for each composition (x, y) the ratio r in steps ∆r = 0.05 and evaluated the corresponding total energy. The magnetic phase diagram determined in this way is presented in Fig. 1a . It should be noted that in addition to the FM and PM states there exist the pFM state with a certain degree of disorder in the spin-orientations. The pFM state, which separates the FM phase from the PM phase, appears in the concentration region where the number of holes is reduced by As-antisites (y > 0). Without As-antisites the ground state is the FM state. For y > x/2, i.e., in the n-type materials, we did not find any indication for an electron-induced ferromagnetism even at the highest studied concentrations of donors. Further details can be read off from Fig. 1b , in which for a fixed Mn concentration of x = 0.05 the total energy with respect to the ground state is displayed as a function of the order parameter r. For less than 1% of As-antisites the ground state is a saturated ferromagnet, for more than 2.35% of As-antisites a paramagnet, with a partial ferromagnet inbetween. Empty circles for y=0.015 in Fig. 1b denote results obtained for the experimental lattice constant of (Ga 0.95 Mn 0.05 )As alloy (a = 5.672Å) and demonstrates that the ground state is not changed by a variation of the lattice constant.
C. Magnetic moments
The magnetic state of disordered magnetic semiconductors can be characterized by the local magnetic moment at the sites occupied by Mn atoms and by the total magnetic magnetization which involves both localized moments at magnetic impurities and the induced moments at non-magnetic atoms. The calculations show that the total magnetic moment per unit cell is proportional to the concentration of Mn atoms. This is the reason why we consider the total magnetic moment normalized to one Mn atom.
The calculated total and the local Mn-magnetic moments for (Ga 0.95−y Mn 0.05 As y )As are presented in Fig. 2 as a function of the concentration y of As-antisites. The size of the local moments on Mn atoms is almost independent of the chemical composition and depends only weakly on the direction of the moments. This justifies, a posteriori, the validity of the DLM model in the present case [25, 26] .
The total magnetic moment per Mn-atom equals to 4 µ B in the system without Asantisites. The integer value of the moment is a consequence of the half-metallic character of the system. It is in agreement with the expectation that the localized moment of 5 µ B combines with the opposite moment of one hole in the majority-spin valence band. The difference between total and local moments shows the degree of the magnetic polarization of the host material. Although the induced moments on non-magnetic atoms are generally very small, they add to a non-negligible contribution to the total magnetic moment.
In systems with compensating impurities, the total magnetic moment per Mn-atom increases linearly with y and extrapolates to the value of 5 µ B in the completely compensated ferromagnetic state. In reality, however, this situation is not reached because the transition from the FM to the pFM state takes place at y ≈ 0.01. The transition is marked by a drop of the magnetization in the total magnetic moment for y > 0.01. The reason for the decrease of the magnetization in the pFM state is obvious: the averaged local moment on Mn atoms,
Mn − , is strongly reduced in the presence of Mn-sites with reversed moments. Clearly, the induced part of the magnetization also decreases proportionally to m Mn .
D. Densities of states
The total density of states (DOS) per unit cell and the local Mn-density of states for (Ga 0.95 Mn 0.05 )As in the FM state are presented in Fig. 3 . We find a good agreement with existing results (see, e.g., Ref. [12] ). In addition, we present the Mn-local DOS on the Gasublattice resolved with respect to orbital symmetries. The different behavior of t 2 -and e-states which are split due to the tetragonal environment is clearly seen. The t 2 -states just above the top of the GaAs host valence band were experimentally observed [8, 27] . The influence of As-antisites is illustrated in Fig. 4 . We have chosen y = 0.015, i.e., the ground state is the pFM state with a partial disorder in local moments (see Fig. 1a ). The local Mn + -DOS is quite similar to that in Fig. 3 because x + ≈ 0.044. On the contrary, the local Mn − -DOS exhibits a sharp peak which is characteristic for a single-impurity limit (x − ≈ 0.006). Such behavior also qualitatively explains the stability of the FM phase for systems without As-antisites: the Fermi energy in the pFM state without antisites, i.e., with larger number of holes in the valence band, would be shifted downwards and would be situated within a sharp peak of the minority Mn − states which is energetically unfavorable.
III. CURIE TEMPERATURE
In this section we present two different ways of evaluating the mean-field Curie temperature using the selfconsistent DFT calculations. They are both implicitly based on the classical Heisenberg model, however, without the need for an explicit evaluation of the corresponding pair exchange interactions. 
/3, so that we have the following simple estimate,
It should be noted that non-magnetic As-antisites influence the Curie temperature only indirectly via ∆, which depends on the concentrations x and y of Mn-atoms and As-antisites, respectively.
B. Effective on-site exchange parameters
A more systematic approach to the evaluation of T c was developed by Liechtenstein and coworkers [16] and it is based on the evaluation of magnetic excitation energies from the ground state which are mapped onto the effective Heisenberg Hamiltonian. The Curie temperature is then obtained from its consequent statistical study. A simpler approach, which avoids the direct evaluation of exchange interactions, consists in the determination of the effective exchange field acting on the magnetic moment at this site. From this field the Curie temperature is estimated using the generalized molecular field theory [16, 17] . In the framework of the mean-field approximation adopted here are both approaches equivalent [16] , but the latter one is much simpler when applied to complex systems with few sublattices.
Recently, we have applied this approach to evaluate Curie temperatures of bulk ferromagnets [17] as well as low-dimensional systems such as ultrathin films [18] and achieved a good agreement with available experimental data.
The basic quantity needed for a determination of T c is the effective on-site exchange parameter for Mn-atoms,J Mn i , which represents the Weiss field acting on site i. In the framework of the TB-LMTO approach we obtain [16, 17 ]
Here tr L denotes the trace over angular momenta L = (ℓm), the energy integration is performed in the upper half of the complex energy plane over a contour C starting below the bottom of the valence band and ending at the Fermi energy, and δ 
The effective on-site exchange parameters corresponding to non-magnetic atoms are at least two-orders of magnitude smaller thanJ Mn i . In Table I we compareT c calculated from
expressions (1) and (3) The dependence of T c on the concentration of As-antisites for a fixed Mn-concentration is presented in Fig. 6b . Full circles correspond to the FM state. There is a monotonic decrease of T c with increasing y due to the decreasing number of holes in the valence band which mediate the ferromagnetic coupling between Mn atoms. This result is in a qualitative agreement with predictions of the KEM model [2, 3, 27] . In the present case, however, the concentration of holes is not a free parameter but it is given by the chemical composition (x, y). We have also determined T c for the pFM state which is the ground state for y > 0.011 (see Fig. 1b ). We have now two magnetic atoms Mn + and Mn − , but the Curie temperature T c can be still estimated from Eq. (3). It should be noted that now the larger of the two valuesJ
has to be inserted in (3) since the magnetism of such alloy is dominated by this constituent [29] (empty circles). The transition between the FM and pFM states is manifested by the change of the slope of the curve (see also Fig. 2 ). The regions of parameters for which the ferromagnetic, partial ferromagnetic, and paramagnetic phases exist are also shown. It should be noted that in the pFM case the Curie temperature is shifted to higher values of y than in the FM phase.
C. Effect of disorder on Curie temperature
Further we investigate the effect of disorder, neglected in the framework of the KEM, on the Curie temperature. For (Ga 0.95−y Mn 0.05 As y )As alloys with constant Mn content is the effect of impurities in the framework of the KEM reduced simply to the change of the number of carriers. The present theory includes the effect of disorder on the electronic structure and hence also on T c in the framework of the CPA. The Curie temperature is influenced by disorder via quantitiesḡ
Mn,σ ii (z) in Eq. (2) which depend on the varying concentration of
Mn-atoms and As-antisites. We will demonstrate that the effect of disorder on T c is nonnegligible.
To this end we have evaluated the Curie temperature as a function of the number of holes in the valence band while keeping the same reference density of states, i.e., by employing the rigid-band model. All quantities in (2) correspond to the reference system but the Fermi energy is an adjustable parameter corresponding to a given alloy composition. The results are summarized in Table II On the other hand, the disorder leads in general to an enhancement of T c as compared to the model in which the effect of disorder is treated approximately in the framework of the rigid-band model. This is not surprising as the rigid-band model is not able to describe
properly the effect of As-and Mn-impurities which both represent a strong perturbation of the electronic structure.
IV. CONCLUSIONS
Based on first-principles calculations we have investigated the effect of As-antisites on the electronic and magnetic properties of (Ga,Mn)As alloys. In addition to chemical disorder magnetic disorder was described using the disordered local moment model. Both the chemical and the magnetic disorder are treated within the framework of the coherent potential approximation. The mean-field Curie temperatures were estimated from the effective exchange fields acting on a given magnetic atom as well as from total energy differences between the ferromagnetic and paramagnetic state and showed a reasonable agreement between both approaches. (Ga 1−x Mn x )As (Ga 0.95−y Mn 0.05 As y )As 
